The thrust produced by a Ger dien-type d-c arc-jet using argon gas and exhausting into a low-pressure (approximately 2 mm Hg) test cell was measured and used to determine the momentum losses which occurred in the constant area anode nozzle. From these losses, a loss coefficient is defined which will yield good approximations for the gas total temperature and total pressure at the anode nozzle exit when applied to the standard constant area heat addition equations. The investigation was carried out for anode nozzles of different lengths and led to the fact that nozzle length was not a great contributor to these losses for relatively short nozzles (1. 25 to 2. 00 in.). Nozzle length was also found to play a very minor role in relation to the other contributing factors in determining the efficiency of the arc-heating process. The arc-jet was operated with gas flow rates of approximately 0.0034, 0.0042, and 0.005 lb/sec, electrical power input levels ranging from 2. 7 to 5. 8 kw, chamber pressures ranging from 6. 7 to 11.7 psia, and gas inlet temperatures of approximately 530°R.
INTRODUCTION
To define the flow properties of the gas stream produced by an arcjet heater, the temperature and pressure of the gas at the anode nozzle exit must be known. Because of the complex nature of the energy transfer process in such heaters, any theory used to determine these properties must be supported by experiment. A particular class of Gerdientype, d-c arc-jet heaters having constant area anode nozzles was investigated by Bryson and Fröhlich (Ref. 1) and Fröhlich, Staats, and McGregor (Ref. 2) . These studies indicated that a first approximation to the gas temperature and pressure at the nozzle exit for argon gas could be obtained through use of the Rayleigh heating analysis. Since this analysis is applicable only when heat is added to a one-dimensional, frictionless flow in a constant area duct, it cannot account for momentum losses in the nozzle without modification. To improve the accuracy of the values of gas temperature and pressure, the approach taken in this work was to define a simple correction to the Rayleigh heating analysis which would account for the nozzle losses and to experimentally verify its applicability.
The gas temperature and pressure at the nozzle exit are related to the thrust produced by the arc-jet. If the arc-jet thrust were measured, then the actual values of the gas temperature and pressure could be obtained. These values could then be compared with those given by the Rayleigh heating analysis, and the magnitudes of the errors in the ideal values caused by nozzle losses could be determined. This would then form a basis for correcting the ideal values to make them coincide with the actual values.
The losses which occur in the nozzle are caused by several mechanisms (e. g., friction, field effects, etc.), and this method of approach will not determine the various components. However, the frictional losses should be a function of nozzle length. The amount of energy transferred from the arc to the gas should also be a function of nozzle length because of the time the gas remains in the arc region (Ref. 3) . Thus, it is desirable to obtain data from the arc-jet using nozzles of different lengths in order to investigate the effects of this parameter. An upper limit to nozzle lengths existed for the arc-jet used in these experiments because of cooling problems; however, a small range of lengths was investigated.
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SECTION II APPARATUS AND PROCEDURE
APPARATUS
The arc-jet used in these experiments was of the Gerdien type with a constant area, sonic nozzle anode (Fig. 1, Appendix I ). This nozzle could be conveniently replaced to facilitate testing of various length throat sections. The arc-jet was operated in a vertical position inside a test cell (Fig. 2) , which could be maintained at a pressure of approximately 2 mm Hg over the range of flow rates involved. The arc-jet operating parameters which were measured and the instruments used for the measurements are as follows:
Accuracy of Measurements, percent
Gas supply
Bourdon gage, 0 to 200 in. The thrust produced by the arc-jet was detected by letting it induce a torque in a rotating shaft and then using this torque to deflect a cantilever beam with a strain gage attached. This method allowed the strain gage to remain outside the test cell so that it was not subjected to low pressures or heat transfer. The maximum error of this system over the range of forces measured was ±3 percent. A more detailed description of the apparatus is included in Ref. 1.
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PROCEDURE
The operating characteristics of the arc-jet are obtained as follows:
The arc-jet is started, and the gas flow rate and power input are set. After steady-state operation is reached (about 1 min), the operating parameters are measured. This process is followed until the desired range of input conditions is covered for a specific anode nozzle. The nozzle is then replaced by one of different length, and the procedure is repeated. The anode nozzle entrance and the cathode tip were separated enough so that the flow did not choke at the entrance plane. For these experiments, the gas flow rate ranged from approximately 0.0034 to 0. 005 lb/sec. The input power was varied in a range from 2. 7 to 5. 8 kw. The anode nozzles used had a diameter of 0. 250 in. and lengths of 1.25, 1.50, 1.75, and 2.00 in.
SECTION III ANALYSIS
It was shown in Refs. 1 and 2 that a one-dimensional constant area heat addition (Rayleigh heating) analysis of the gas flow through the arc in the anode nozzle section yields reasonable approximations for the gas properties at the exit plane since friction is neglected. These Rayleigh heating equations may be found in most fluid flow textbooks (cf. , Ref. 4) and are reproduced here in the notation of Refs. 1 and 2 for convenience.
The change in the total temperature of the gas through the heating zone is given by The thrust produced by the arc-jet may be written as is used, the equation for the thrust may be further transformed into
(8)
(ID If the values of Mi are small, the value of the bracketed quantity in Eq. (11) will approach unity. The more heat added to the gas in the anode nozzle, the smaller Mi becomes, so that only at the lower power input conditions will the bracketed quantity be appreciably different from unity. (The largest value of Mi encountered in these experiments was Mi = 0. 22. This will lead to a value of the bracketed 
This indicates that the thrust produced by the arc-jet may be displayed to advantage as a function of the chamber pressure (p 0 i). Now a loss coefficient (referred to as resistance coefficient in Ref.
2) may be defined as
where the numerator is the difference between the ideal thrust and the measured thrust and is that portion of the impulse which is lost in the nozzle to friction and to interaction of the gas with the electric field in the nozzle. If Eq. (10) is substituted into Eq. (12), there will result
Dividing both sides of Eq. (13) by p 0 j gives where m and n are the slopes of the lines representing the ideal thrust and the measured thrust, respectively, and a and b are the intercepts on the F axis.
An energy balance performed on the arc-jet should yield any nozzle length effects imposed on the efficiency of the energy addition process. This energy balance consists of two parts. First, the total amount of energy which goes into the gas (Qg) is obtained by subtracting the cooling water losses from the total electrical power input (Q e ). Second, the amount of energy added to the gas as translational energy (Qt r ) is determined from the change in the total temperature through the nozzle. These two energy additions should reflect any dependence of the efficiency on nozzle length over the range investigated.
SECTION IV RESULTS AND DISCUSSION
The complete set of arc-jet operating characteristics is given in Table I (Appendix II) .
The values of the measured thrust produced by the arc-jet are given as a function of the arc-jet chamber pressure in Fig. 3 . The linear approximations (Eq. (11a)), determined by a least-squares fit of the individual points, are shown as the solid line for the ideal values and the dashed line for the measured values. It can be seen that the difference between the two values which constitutes the nozzle losses is, on the average, about 6 percent of the ideal value. The values of the measured thrust are given for all the different length nozzles; there is no apparent pattern in the scatter which would indicate greater differences for any nozzle over another. The scatter in the measured values is then considered to result mainly from errors in the force measuring system. The largest error involved in the force measuring system is a hysteresis effect caused by the many leads attached to the arc-jet to supply power, cooling water, gas, etc. However, this error is at most ±3 percent.
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The values of the loss coefficient (Cg) defined by Eq. (12) are shown in Fig. 4 . The relation between Cjg and p 01 (Eq. (12a)) obtained from the linear approximations for the ideal and measured thrust is shown as the solid line in Fig. 4 . The scatter of the points about this curve appears somewhat excessive. However, when the ±3-percent possible error of the thrust measuring system is accounted for, the scatter is brought more into perspective. This error introduced into Eq.. (12a) produces the error bounds shown as dashed lines in Fig. 4 . An improvement in the accuracy of the thrust measuring system would be required to reduce the scatter. If it is assumed that the least-squares fit of the linear equation to the values of the measured thrust is adequate to average out the errors in measurement, then Eq. (12a) yields very good values for the loss coefficient (Cg).
The total temperature ratio through the nozzle is given in The amount of energy absorbed by the gas while in the nozzle (Q g ) is shown in Fig. 7 as a function of the total electrical power supplied^ to the arc-jet (Qe). There is no apparent trend in the amount of energy absorbed by the gas with the length of the nozzle. Neither is there any obvious pattern associated with the different gas flow rates. The AEDCTR-68-106 efficiency indicated for this power transfer process is, on the average, about 66 percent.
In Fig. 8 , the portion of the absorbed energy which serves to increase the translational energy of the gas (Qtr) is given as a function of the total electrical power supplied to the arc-jet. This translational energy increase is calculated from the measured total temperature increase in the nozzle and a constant value of the specific heat at constant pressure {cp) of 0. 1243 Btu/lb-°R. Again, there is no obvious trend of the increase in translational energy with either the nozzle length or the gas flow rate. The scatter in the indicated points is considerably worse in this case than for that shown in Fig. 7 , and on the average, the efficiency is about 32 percent.
The scatter in Figs. 7 and 8 is believed to be caused by two effects. First, even though the same gas flow rate and arc current could be accurately set each time, the arc voltage could not be regulated to any degree of accuracy because the arc gap distance could not be maintained at one value within the necessary tolerances. This was caused mainly by arc-jet assembly problems, but an additional difference was caused by the tip of the cathode becoming molten and changing shape to a small degree. (There was no apparent erosion of the anode nozzle.) The difference in voltage caused by this small gap change was superimposed on the normal voltage and apparently forced the heat addition to proceed in a different manner. The second effect is the mode of operation of the arc. These modes have been referred to as the laminar mode and the turbulent mode (Ref. 6). They are characterized by a constant, well-behaved arc voltage for the laminar mode and an arc voltage of a highly oscillatory nature for the turbulent mode. The change from laminar to turbulent mode occurs quite suddenly and is dependent on both the gas flow rate and the power input. It is quite possible that the mode of arc operation has an effect on the gas heating efficiency. However, a more complete investigation of the arc mode operation would be required to determine if it is important for this case. In view of these facts, it is fortuitous that the heat addition process is well behaved enough to enable the determination of the gas properties at the exit of the anode nozzle to be made with some degree of reliability.
SECTION V CONCLUDING REMARKS
In the arc heating process described herein, the interaction of all the input conditions, such as gas flow rate, arc current, arc voltage, etc., results in the fact that no one input parameter can be used to AEDC-TR.68-106 correlate the gas exit conditions. However, the process is well behaved enough so that exit conditions may be predicted very well by a flow parameter obtained from the mass flow equation and an experimentally determined loss coefficient based on gas impulse losses in the nozzle. The flow parameter determines the ideal total temperature and total pressure ratios through the nozzle as given by the Rayleigh heating analysis. The loss coefficient then allows these values to be corrected to yield the actual values at the nozzle exit.
An effort to establish a well-defined nozzle length effect on the gas properties and arc-jet operating efficiency met with little success. The small range of nozzle lengths covered (1. 25 to 2. 00 in.) did not contain one long enough for this effect to overshadow those imposed by the variations in the heating process itself. This would seem to indicate that the loss coefficients listed herein may be applied to an arc-jet of similar design without considering the nozzle length if it is not extremely long. The diameters of the constant area sections of the nozzle used in this study were all 0. 25 in. Since the frictional losses cannot be separated from the field effects, any attempt at scaling these results to nozzles with different diameters should be done with caution. The same note of caution should be observed if applying these results to gases other than argon.
The results obtained by this method should remain useful until the power input reaches the point where ionization becomes so large that the specific heat ratio (y) cannot be considered a constant. However, if 7 does change, the values of gas temperature and pressure will not be in error by a large amount. Typically, a decrease in y of 30 percent will cause a decrease of about 13 percent in the calculated total temperature and an increase of about 5 percent in the calculated total pressure. 
